Recent interest in the role of serotonin (5-HT) in the mechanism of action of antipsychotic drugs is in large part the result of the discovery of the efficacy of clozapine in treating the delusions, hallucinations, and disorganization of schizophrenic patients who failed to respond to classical neuroleptic drugs (Kane et al. 1988; Meltzer 1992) . It has also been demonstrated that clozapine can improve the negative symptoms of schizophrenia, i.e., affective flattening, anergia, anhedonia, and avolition . Clozapine was, earlier, shown to cause fewer extrapyramidal side effects (EPS) than typical antipsychotic drugs; there have been no reported cases of tardive dyskinesia with clozapine, and it is tolerable to patients with Parkinson's disease and even able to improve some types of motor dysfunction in patients who develop dopamine (DA) agonistinduced psychosis (see Meltzer and Nash 1991; Meltzer et al. 1995 for refs). Clozapine has also been found not to cause elevations of serum prolactin levels (Meltzer 1979) . Recently, clozapine has been shown to have other clinical advantages over typical neuroleptic drugs, most notably the ability to improve some aspects of the cognitive dysfunction of schizophrenia, such as attention, verbal fluency (semantic memory), recall memory, and some measures of executive function, e.g., maze and performance, thought it does not improve working memory (Meltzer and McGurk in press). There is extensive evidence that clozapine is able to decrease the risk of suicide in schizophrenia (Meltzer and Okayli 1995) . It has also been found effective as an antimanic agent and Serotonin and Antipsychotic Drugs 107S a mood stabilizer in treatment-resistant mood disorders (Calabrese et al. 1996) . Suicide, mania, depression, and mood stabilization have been related to abnormalities in serotonergic availability and receptor responsivity . Determining the biological basis for these advantages of clozapine, many of which may involve effects on 5-HT, is of great theoretical and clinical importance.
Recent interest in the role of serotonin (5-HT) in the mechanism of action of antipsychotic drugs is in large part the result of the discovery of the efficacy of clozapine in treating the delusions, hallucinations, and disorganization of schizophrenic patients who failed to respond to classical neuroleptic drugs (Kane et al. 1988; Meltzer 1992) . It has also been demonstrated that clozapine can improve the negative symptoms of schizophrenia, i.e., affective flattening, anergia, anhedonia, and avolition . Clozapine was, earlier, shown to cause fewer extrapyramidal side effects (EPS) than typical antipsychotic drugs; there have been no reported cases of tardive dyskinesia with clozapine, and it is tolerable to patients with Parkinson's disease and even able to improve some types of motor dysfunction in patients who develop dopamine (DA) agonistinduced psychosis (see Meltzer and Nash 1991; Meltzer et al. 1995 for refs) . Clozapine has also been found not to cause elevations of serum prolactin levels (Meltzer 1979) . Recently, clozapine has been shown to have other clinical advantages over typical neuroleptic drugs, most notably the ability to improve some aspects of the cognitive dysfunction of schizophrenia, such as attention, verbal fluency (semantic memory), recall memory, and some measures of executive function, e.g., maze and performance, thought it does not improve working memory (Meltzer and McGurk in press ). There is extensive evidence that clozapine is able to decrease the risk of suicide in schizophrenia (Meltzer and Okayli 1995) . It has also been found effective as an antimanic agent and a mood stabilizer in treatment-resistant mood disorders (Calabrese et al. 1996) . Suicide, mania, depression, and mood stabilization have been related to abnormalities in serotonergic availability and receptor responsivity . Determining the biological basis for these advantages of clozapine, many of which may involve effects on 5-HT, is of great theoretical and clinical importance.
Because clozapine produces agranulocytosis, developing other antipsychotic drugs with similar benefits but without this side effect has been a major research goal since 1988. This effort has produced risperidone, olanzapine, quetiapine, ziprasidone, and sertindole which have been approved for use in the treatment of schizophrenia in various countries as well as other putative antipsychotic agents in development, e.g., M100907. However, there appear to be differences between these agents in efficacy and in at least some side effects. This review considers what is known about the role of 5-HT in the efficacy for positive and negative symptoms, neuroleptic refractory positive symptoms, and extrapyramidal side effects of the novel antipsychotic agents, and looks at possible strategies for developing other antipsychotic agents which depend upon serotonergic function in ways that differ from clozapine. Because of space limitation, this review cannot cover all of the topics in depth; therefore, other reviews of these topics also should be consulted (Meltzer and Nash 1991; Schmidt et al. 1995; Kapur and Remington 1996; Meltzer and Fatemi 1996; Abi-Dargham et al. 1997; Kinon and Lieberman 1996; Arndt and Skarsfeldt 1998) .
SEROTONIN RECEPTORS INVOLVED IN ANTIPSYCHOTIC DRUG ACTION
The major 5-HT receptors that are implicated in the action of clozapine and other recently introduced antipsychotic agents, or are of potential value for developing more effective or better tolerated antipsychotic agents include the following: 5-HT 1a , 5-HT 2a , 5-HT 2c , 5-HT 3 , 5-HT 6 , and 5-HT 7 receptors (Meltzer and Nash 1991) . These are also of potential value for developing more effective or better tolerated antipsychotic agents. It has been hypothesized that a relatively high 5-HT 2a receptor affinity compared to the D 2 receptor is the basis for the difference between 'atypical' and 'typical' antipsychotic agents (with atypical antipsychotic defined as an agent causing low EPS at doses with demonstrated or putative antipsychotic activity). This hypothesis contributed to the development of the newer antipsychotic agents listed above, all of which are consistent with the hypothesis of high affinity for 5-HT 2a and low affinity for D 2 receptors (Schotte et al. 1996) . While some of the atypical antipsychotic drugs also have affinities for 5-HT 2c , 5-HT 6 , or 5-HT 7 receptors that are in the same range as 5-HT 2a receptors, this is not a common characteristic of these agents and, thus, it is not likely that an affinity for 5-HT 2c , 5-HT 6 , or 5-HT 7 receptors are primary factors contributing to the low EPS profile of this class of agents (Roth et al. 1994; Meltzer and Fatemi 1996; Schotte et al. 1996) . However, this does not rule out the possibility that the low EPS effects of specific drugs or other actions, depend in part on their affinity for one or more of these 5-HT receptors, including the 5-HT 2c and 5-HT 7 receptors . 5-HT 1a receptor agonism has been suggested to contribute to an atypical antipsychotic drug profile (Protais et al. 1994) . Furthermore, there is extensive evidence of interactions among 5-HT 2a , 5-HT 2c , and 5-HT 1a receptors (Kapur and Remington 1996; Meltzer et al. 1996b ). Because of space limitations, this article will focus on these three 5-HT receptors and only briefly consider the others.
NOVEL ANTIPSYCHOTICS AND THE 5-HT 2A RECEPTOR ANTIPSYCHOTIC ACTION
5-HT 2a receptors have been implicated in the genesis of, as well as the treatment of, psychosis, negative symptoms, mood disturbance, and EPS. The hallucinogenic effect of indole hallucinogens has been related to stimulation of 5-HT 2a rather than 5-HT 2c receptors (Fiorella et al. 1995) . Numerous studies have demonstrated decreased densities of 5-HT 2a receptors in various cortical regions of patients with schizophrenia. This does not appear to be secondary to antipsychotic drug-induced down regulation of the density of these receptors (Meltzer et al. 1996b ). The antipsychotic effect of clozapine is attributed, in part, to its ability to block excessive 5-HT 2a receptor stimulation (Meltzer et al. 1989 (Kapur and Remington 1996) . The occupancy of 5-HT 2a and D 2 receptors has also been studied with other novel antipsychotic drugs, such as risperidone, olanzapine, sertindole, and quetiapine with results similar to those of clozapine; all are more potent 5-HT 2a and D 2 antagonists at appropriate doses, but produce higher D 2 occupancy than clozapine. Some of these (e.g., risperidone) agents, produce high D 2 occupancy at high doses (Kapur and Remington 1996) . Pilowsky et al. (1997a) have observed high occupancy of extrastriatal D2 receptors in clozapine treated patients with schizophrenia in a SPECT study. These findings, if verified, could indicate that the low estimates of D 2 receptor occupancy in the basal ganglia by some atypical antipsychotic drugs in some studies are mis-leading with regard to the importance of dopamine receptor blockade for their antipsychotic, and perhaps other actions, e.g., cognition and negative symptoms.
To test the contribution of 5-HT 2a receptor antagonism to antipsychotic drug action, clinical trials of ritanserin, a potent 5-HT 2a and 5-HT 2c antagonist, have been conducted. Although the data suggest little or no beneficial effect (see Martin et al. 1997 for refs) , this may be due to two factors: a) 5-HT 2c receptor antagonism opposes the beneficial effects of 5-HT 2a receptor blockade (see below); and b) too high a dose of neuroleptic (Meltzer and Fatemi 1996) . The bell-shaped dose response curve of risperidone, with higher doses being less effective than lower doses (Marder and Meibach 1994) , suggests that excessive D 2 receptor antagonism may reduce the beneficial effects of 5-HT 2a receptor blockade (Meltzer and Fatemi 1996) . However, other explanations of this finding are also possible. Trials with fixed, low doses of neuroleptic and specific potent 5-HT 2a antagonists are needed. Amperozide is a relatively selective 5-HT 2a antagonist which was shown in several studies to have antipsychotic efficacy but again no definite conclusion as to efficacy is possible (Meltzer and Nash 1991) . The highly selective 5-HT 2a antagonist, M100907, formerly MDL 100907, has been found in a controlled study to have some efficacy for treating positive and negative symptoms in hospitalized schizophrenic patients (Shipley 1998) .
Large scale studies are currently underway to more definitively test its efficacy. I hypothesize that this compound will be effective in some patients with schizophrenia, but that there will be a need for low doses of D 2 receptor antagonists in patients who may have relatively excessive dopaminergic activity. This may be those patients with acute, florid psychoses. Other 5-HT 2a selective agents such as SR 46349B (Rinaldi-Carmona et al. 1992 ) are currently being tested. It should soon be apparent whether 5-HT 2a receptor blockade alone can achieve a sustained antipsychotic action. The potent D 4 /5-HT 2a receptor antagonist fananserin has been found ineffective in acutely psychotic patients with schizophrenia (Truffinet et al. in press) , perhaps because D 4 receptor antagonism has a propsychotic effect, not the reverse. Additional evidence supporting the role of 5-HT 2a receptor blockade in the action of clozapine and possibly other drugs with potent 5-HT 2a affinities is available from the several reports that the His452Tyr allele of the 5-HT 2a receptor, which is present in 10-12% of the population, is associated with a higher frequency of poor response to clozapine (Masellis et al. 1998) . Thus, taken together, the evidence from clinical trial data suggests that 5-HT 2a receptor blockade may contribute to antipsychotic drug action.
Basic research is also supportive of the relevance of 5-HT 2a receptor blockade to antipsychotic drug action. M100907 or other selective 5-HT 2a receptor antagonists, either alone or in combination with selective antagonists of other receptors, have been found to be effective in various animal models of psychosis. These include: 1) blockade of amphetamine-induced locomotor activity and the slowing of ventral tegmental area (A10) dopaminergic neurons (Schmidt et al. 1995) ; 2) blockade of phencyclidine (PCP)-and dizocilpin (MK-801)-induced locomotor activity (Gleason and Shannon 1997; Martin et al. 1997 ); 3) blockade of MK-801-induced prepulse inhibition (Varty and Higgins 1995) ; and 4) antipsychotic-like activity in the paw test.
Increased dopaminergic activity in the nucleus accumbens, other mesolimbic and possibly cortical regions may contribute to positive symptoms, including formal thought disorder. We have previously reported that the 5-HT 2a/2c agonist DOI (1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane) which itself had no effect on basal DA release, potentiated amphetamine-induced DA release and attenuated the ability of apomorphine, a direct acting D 1/2/3 agonist, to decrease DA release in the striatum . We have proposed that short-lasting desensitization of D 2 autoreceptors can develop following stimulation of 5-HT 2a receptors. This desensitization may increase DA synthesis via disinhibition of tyrosine hydroxylase, leading to an additional increase in the size of the DA pool at which amphetamine may act. We have found a similar effect in the nucleus accumbens and prefrontal cortex . This effect was completely reversed by M100907, which alone had no effect on basal and amphetamine-induced DA release in the nucleus accumbens and medial prefrontal cortex. These results suggest that stimulated DA release, e.g., with stress, may be increased in the forebrain terminal regions secondary to enhanced stimulation of 5-HT 2a receptors. Agents that block the effect of excessive, but not basal 5-HT 2a receptor stimulation may be most useful clinically. Schmidt et al. (1995) reported that M100907 increased DA release in the prefrontal cortex and attenuate the amphetamine analog MDMA -induced increase in striatal DA release. Taken together, these data suggest that 5-HT 2a antagonism by itself may have antipsychotic action when dopaminergic activity is slightly to moderately increased, but as mentioned above some D 2 receptor blockade may also be needed when DA efflux is very high. More studies are needed to define the ability of 5-HT 2a receptor antagonists to potentiate the action of low doses of D 2 receptor blockers in animal models as well as in humans.
Recently, Jakab and Goldman-Rakic (1998) have proposed that the 5-HT 2a receptors on cortical pyramidal neurons may play a crucial role in psychosis by virtue of their ability to modulate intracortical and corticalsubcortical glutamatergic neurotransmission. This could contribute to the ability of 5-HT 2a antagonists to attenuate some of the behavioral effects of PCP and ketamine.
On the other hand, activation of early intermediate genes such as c-fos in the frontal cortex by clozapine and other novel antipsychotic agents (Robertson et al. 1994) , does not appear to be related to blockade of 5-HT 2a receptors since ritanserin alone, or the combination of ritanserin and sulpiride, a D 2 /D 3 antagonist, did not mimic the effects of clozapine to activate Fos expression in the prefrontal cortex (Deutch and Duman 1996) . As in many studies which employ this combination strategy, the dose of the D 2 /D 3 antagonist may have been excessive. It would be of considerable interest to study the effect of a series of doses of M100907, a selective 5-HT2a receptor antagonist, and relatively low doses of a selective D 2 /D 3 antagonist, on rat brain c-fos expression. On the other hand, lesioning the serotonergic afferents to the medial prefrontal cortex also did not affect the ability of clozapine to activate Fos protein in the frontal cortex (Guo et al. 1995) . It is important to note that the 5-HT 2a/2c agonist (DOI), increased the expression of fos protein in frontal and other cortical and limbic areas (Leslie et al. 1993) , most likely through a 5-HT 2a mechanism. Thus, it seems unlikely that 5-HT 2a receptor antagonism is involved in the ability of the atypical antipsychotic drugs to stimulate fos expression in the prefrontal cortex. Recent studies have suggested that D 3 receptor stimulation may account for this effect (Guo et al. 1995) . While the activation of c-fos in the frontal cortex seems not to be related to 5-HT 2a receptor antagonism, it nevertheless seems likely that the latter contributes to the antipsychotic action of the atypical antipsychotic drugs when associated with low D 2 receptor occupancy, and not accompanied by effects such as 5-HT 2c or possibly D 4 receptor antagonism which may negate some of the beneficial effects of 5-HT 2a receptor antagonism. It should be kept in mind that the clinical significance of activation of c-fos expression in the frontal cortex is still quite speculative.
TREATMENT RESISTANT SCHIZOPHRENIA AND 5-HT 2A RECEPTOR BLOCKADE
Clinical studies have suggested that clozapine is much more effective than the other novel antipsychotic drugs in treatment resistant schizophrenia (Meltzer 1997) . One recent study found no effect of high doses of olanzapine in treatment resistant schizophrenia (Conley et al. 1998a ), though there is limited published evidence that risperidone is effective in this patient group (Bondolfi et al. 1998) . However, there is extensive clinical experience that some patients who are refractory to typical neuroleptic drugs, and even clozapine, may respond to olanzapine or risperidone (Conley et al. 1998b; Ganguli and Brar 1998; Mountjoy et al. 1998 ). Head to head comparisons with clozapine and cross over studies are needed to determine the relative efficacy of the atypical agents in this regard. It should be noted that there are varying degrees of neuroleptic resistance and that studies which are designed to determine whether other antipsychotic drugs are as effective as clozapine for treatment resistant schizophrenia should use rigorous criteria for neuroleptic resistance. The relatively modest effects of drugs such as olanzapine, quetiapine and risperidone in treatment resistant schizophrenia suggests that 5-HT 2a receptor blockade, even when accompanied by D 2 receptor blockade, is only one facet of the explanation of the efficacy of clozapine in neuroleptic-resistant schizophrenic patients. Effects on other 5-HT receptors as well as cholinergic, adrenergic, and dopaminergic mechanisms may be responsible for the greater efficacy of clozapine in this group of patients. Heterogeneity in the basis for neuroleptic resistance is suggested by the variability in response to the atypical antipsychotic drugs. We reported preliminary data that the addition of cyproheptadine, an antagonist of multiple serotonin receptors, to typical neuroleptic drugs appeared to be effective in augmenting the response to the latter in an open study of patients who had become refractory to typical neuroleptic drugs during the course of treatment with clozapine (Meltzer et al. 1996a ).
NEGATIVE SYMPTOMS AND 5-HT 2A RECEPTOR BLOCKADE
In contrast to the possibly unique effectiveness of clozapine in diminishing positive symptoms in treatment resistant schizophrenic patients, the atypical antipsychotic drugs (with the possible exception of quetiapine) and some 5-HT 2a or 5-HT 2a/2c antagonists, appear to be more effective in decreasing negative symptoms than haloperidol, (Kane et al. 1988; Meltzer 1992 Meltzer , 1997 Moller et al. 1995; Tollefson and Sanger 1996) . Sertindole, risperidone, ziprasidone, M100907, and ritanserin have all been found effective in treating negative symptoms (Arvanitis and Miller 1997; Arato et al. submitted) . Various types of analyses to partial out the effect on negative symptoms from the effect on positive and depressive symptoms and EPS suggest that the effect on negative symptoms is direct (Moller et al. 1995; Tollefson and Sanger 1996) . These diverse compounds share relatively high 5-HT 2a receptor blockade without D 2 antagonism, whereas chlorpromazine and high dose loxapine, which produce high levels of D 2 and 5-HT 2a receptor blockade in vivo, do not improve negative symptoms. This suggests that 5-HT 2a receptor blockade may play a key role in the treatment of negative symptoms only when D 2 receptor blockade is absent or moderate. Efficacy to treat negative symptoms may be related to the ability of these agents to selectively increase dopaminergic activity in the prefrontal cortex since all these agents have been found to produce greater in-creases in DA release in the prefrontal cortex than the nucleus accumbens (Kuroki et al. 1999 ).
5-HT 2A RECEPTOR BLOCKADE AND COGNITIVE FUNCTION
Clozapine, risperidone, and olanzapine have all been shown to improve selected areas of cognitive function in patients with schizophrenia, however, the available data suggests differential effects on specific functions. Most notably, clozapine appears to improve semantic memory, verbal learning and memory, and attention most reliably and robustly, whereas risperidone appears to improve working memory to the greatest extent (see Meltzer and McGurk in press for review). Olanzapine resembles clozapine more closely than risperidone (Purdon et al. 1998; Meltzer and McGurk in press ). For example, in a study of 21 olanzapine treated patients, Purdon et al. (1998) reported improvement in some tests of attention, motor function, executive function and verbal memory at six weeks. Similar results were obtained by Meltzer and McGurk (in press ) in a study of 29 patients treated with olanzapine for six weeks. Whether these effects are persistent and independent of improvement in psychopathology or lesser side effects is not yet known. There are, as yet, no data on the other drugs of this type. Whether 5-HT 2a receptor antagonism has any role in the cognitive effects of these agents is not known. It may be that the effects of these agents on cognition depend mainly on their ability to increase the release of DA and acetylcholine in prefrontal cortex, which may depend, in part, on their serotonergic actions. Because cognitive enhancement is critical for functional improvement in schizophrenia, establishing the mechanism for this effect is of the greatest importance. The evidence concerning 5-HT receptors and cognition has recently been reviewed by Buhot (1997) and by Meneses and Hong (1997) . The sparse literature on this topic mainly involves lower animals; the data suggest that 5-HT 2a/2c antagonists have little adverse effects and no apparent beneficial effects on learning and memory (Ruotsalainen et al. 1997) . Recent studies suggest that the novel antipsychotic drugs may enhance cholinergic function in the prefrontal cortex (Parada et al. 1997) , and this may mediate their ability to improve cognition. Interactions between the 5-HT and cholinergic systems have been previously reported (Altman et al. 1987) . Also, impairment of working memory in man following administration of the 5-HT 1a agonist, flesinoxan, has been reported (Herremans et al. 1995) .
It has recently been demonstrated that stimulation of 5-HT 2a receptors by DOI increases the expression of brain-derived neurotrophic factor (BDNF), which regulates the survival, differentiation, synaptic strength, and neuronal morphology in the cerebral cortex and hippocampus, in frontal and other cortical areas while decreasing its expression in the dentate gyrus granule cell layer (Vaidya et al. 1997 ). This effect was blocked by M100907 which did not by itself have any effect in these regions. Stress had the same effect as DOI in increasing hippocampal BDNF levels. This was blocked by pretreatment with ketanserin, a 5-HT 2a antagonist. These data suggest that the atypical antipsychotic drugs, via their 5-HT 2a antagonism, might prevent the deleterious effects of stress on hippocampal cognitive measures. Increased corticosteroids may be neurotoxic (Sapolsky 1994) . We have previously shown that clozapine decreases elevated plasma cortisol levels in schizophrenic patients, returning them to normal levels (Meltzer et al. 1989 ). This may be related to the ability of clozapine to improve cognitive function as well.
5-HT 2A RECEPTOR BLOCKADE AND EXTRAPYRAMIDAL FUNCTION
Several lines of evidence suggest that potent 5-HT 2a receptor blockade is related to the low EPS profile of clozapine but that 5-HT 2a receptor blockade by itself cannot explain the low EPS liability of these agents. Altar et al. (1986) and Rasmussen and Aghajanian (1988) suggested that weak D 2 and potent 5-HT 2a receptor blockade was the basis for the ability of clozapine to cause low extrapyramidal side effects. However, other explanations for the low EPS of clozapine have been offered-namely its anticholinergic properties, lack of ability to increase acetylcholine in the striatum, D 1 and D 4 receptor blockade, and its effects as an ␣ 2 -adrenoceptor antagonist (Meltzer and Fatemi 1996; Parada et al. 1997; Kalkman et al. 1998) . In order to test the role of 5-HT 2a receptor blockade, Meltzer et al. (1989) studied a group of compounds which had antipsychotic activity in man or in animal models and which produced less EPS in man or weak catalepsy in animals. Among the drugs studied was melperone, a butyrophenone long used in Europe and Scandinavia as an antipsychotic and reported to produce low EPS (Meltzer et al. 1994) . This drug has recently been found to be tolerable to patients with Parkinson's Disease (Barbato et al. 1996) , even more so than risperidone andolanzapine. The drugs reportedly shared weak D 2 and potent 5-HT 2a receptor affinities, whereas D 1 receptor affinities did not contribute to their effect. Subsequently, numerous compounds of diverse chemical structure which share this pharmacologic profile have been deliberately synthesized and tested for antipsychotic action and EPS potential. They include risperidone, olanzapine, sertindole, quetiapine, ziprasidone, and olanzapine. In development are iloperidone, M100907, and SR43649B; the latter is virtually devoid of any D 2 affinity, and highly selective for the 5-HT 2a receptors. All of these compounds produce fewer EPS than haloperidol at comparable doses, but there are differences between them. The dose response curve, together with PET studies of DA receptor occupancy strongly suggest that keeping 5-HT 2a receptor high relative to D 2 receptor occupancy is necessary to avoid EPS with these compounds. There are preclinical data to support this. Ishikane et al. (1997) reported that M 100907 is able to block haloperidol-induced catalepsy only at low doses of haloperidol. Similarly, Spampinato et al. (1998) reported that specific 5-HT 2a and 5-HT 2c antagonists were able to modulate the ability of haloperidol 0.01 mg/kg, but not 1.0 mg/kg to increase striatal DA release in freely moving rats. It should be noted that Pilowsky et al. (1997b) found high D 2 receptor occupancy in the basal ganglia in sertindole-treated patients, despite low EPS. This would indicate that some feature of the drugs, perhaps high 5-HT 2a receptor occupancy, but conceivably other aspects of its pharmacology as well, might contribute to the low EPS and overcome the effects of a high degree of D 2 receptor blockade. It should be noted that the relative affinities for 5-HT 2a and D 2 receptors does not appear to be relevant to the ability of antipsychotics to induce dystonias in Cebus monkeys (Casey 1993) . However, the relevance of these data to human EPS may be limited. For example, as noted above, melperone is well tolerated in patients with Parkinson's disease and L-DOPA psychosis who are exquisitely sensitive to drugs which cause EPS (Meltzer et al. 1989 ) but it produces dystonia in monkeys (Casey 1991) .
THE ROLE OF THE 5-HT 2C RECEPTOR IN ANTIPSYCHOTIC DRUG ACTION: 5-HT 2A AND 5-HT 2C INTERACTIONS
No significant differences have been reported between novel antipsychotic drugs and typical neuroleptics with regard to the affinity for 5-HT 2c receptor or the difference between 5-HT 2c and D 2 affinities (Roth et al. 1992 (Roth et al. , 1994 Schotte et al. 1996) . Of the approved novel antipsychotic drugs, some have equivalent affinities for the 5-HT 2a and 5-HT 2c receptors (clozapine, olanzapine, sertindole), while others are more selective for the 5-HT 2a receptor (risperidone, quetiapine, ziprasidone). This difference roughly corresponds to the potential to produce weight gain in that clozapine and olanzapine cause the greatest weight gain, and risperidone and ziprasidone the least. There is little available data for sertindole and quetiapine but they appear to be intermediate. There is no apparent relationship between 5-HT 2c affinity and 5-HT 2a affinity with regard to EPS, since quetiapine and ziprasidone are comparable to olanzapine and sertindole in this regard. Similarly, there is no apparent relationship to efficacy in treatment-resistant schizophrenia. There could be a relationship to cognitive function since olanzapine and clozapine are similar to each other and differ from risperidone, but further studies are needed to determine the cognitive effects of all these agents before firm conclusions can be drawn (Meltzer and McGurk in press) . 5-HT 2c receptor stimulation by the selective 5-HT 2c agonist Ro 60-0175 has been reported to markedly suppress dialysate levels of dDAn and noradrenaline in the frontal cortex of awake freely moving rats whereas the selective 5-HT 2c antagonist, SB-242084, had the opposite effect (Millan et al. 1998) . Thus, the 5-HT 2c antagonist effects of some of the atypical antipsychotic drugs may contribute to their ability to increase dopaminergic activity in the prefrontal cortex.
An interesting aspect of the 5-HT 2c receptor with regard to antipsychotic action is that 5-HT 2c antagonism may be functionally opposed to 5-HT 2a antagonism. Meltzer et al. (1996) reported that atypical antipsychotic drugs were more likely to be weak 5-HT 2c and potent 5-HT 2a antagonists than to typical neuroleptic drugs. Neurochemical (Spampinato et al. 1997 (Spampinato et al. , 1998 ) and behavioral (Martin et al. 1997 ) data have now been reported supporting the notion of a functional antagonism of these two receptors which may coexist on the same neurons. Thus, Martin et al. (1997) found that ritanserin, a mixed 5-HT 2a/2c antagonist, blocked the ability of M100907 to antagonize the effect of MK-801 in increasing locomotor activity in mice. Extensive evidence indicates that 5-HT 1a receptor agonists have effects similar to 5-HT 2a receptor antagonists in a variety of systems (Darmani et al. 1990; Meltzer and Maes 1995) . A few examples will be given. DOI injected bilaterally into the rat medial prefrontal cortex elicited a dose-dependent head twitch response. This effect wa inhibited by M100907 and ketanserin, but the selective 5-HT 2c antagonist SDZ SER082. Pretreatment with the 5-HT 1a agonist 8-OH-DPAT inhibited the head twitch response to DOI. Ahlenius (1988) first suggested that stimulation of 5-HT 1a receptors might produce an antipsychotic-like effect , based on behavioral studies in animals using the direct 5-HT 1a agonist 8-OH-DPAT.
THE ROLE OF THE 5-HT
Subsequent studies demonstrated that 8-OH-DPAT enhanced the antipsychotic-like effect of the D 2 /D 3 antagonist raclopride (Wadenberg and Ahlenius 1991) and of haloperidol (Prinssen et al. 1996) , and antagonized the catalepsy induced by the D 1 agonist SCH23390 in rats (Wadenberg 1992) . The beneficial effect of 5-HT 1a agonists appears to be mediated by inhibition of median raphe serotonergic neurons (Wadenberg and Hillegaart 1995) . demonstrated that 8-OH-DPAT inhibited the ability of clozapine and low dose risperidone but not haloperidol to increase extracellular DA levels in the nucleus accumbens and the striatum of conscious rats. The effect in the nucleus accumbens would be expected to enhance the antipsychotic effect of these agents by reducing dopaminergic activity. Several atypical antipsychotic drugs, including clozapine, ziprasidone, quetiapine, and tiospirone, are partial agonists at the 5-HT 1a receptor. Their affinities for the 5-HT 1a receptor were similar to their affinities at the human D 2 dopamine receptor (Newman-Tancredi et al. 1998). Rollema et al (1997) demonstrated that the ability of clozapine to increase DA release in the rat prefrontal cortex was due to its 5-HT 1a agonist properties, in that it could be blocked by WAY-100635, a 5-HT 1a antagonist. These findings suggest that the combination of D 2 antagonism and 5-HT 1a agonism should produce an atypical antipsychotic agent. S16924 is an example of such a compound and it has atypical properties very similar to those of clozapine in a variety of animal models (Millan et al. 1998a (Millan et al. , 1998b . How closely such compounds will parallel 5-HT 1a /D 2 antagonists remains to be determined. Significant differences should be expected. Compounds such as ziprasidone and clozapine combine 5-HT 1a agonism and 5-HT 2a antagonism.
Clinical studies of adding 5-HT 1a partial agonists such as buspirone, ipsapirone, and tandospirone may help to clarify the possible importance of 5-HT 1a agonism in the treatment of schizophrenia. It seems likely that there could be a new generation of antipsychotic drugs that incorporate 5-HT 1a agonism.
THE ROLE OF SEROTONIN RELEASE IN ANTIPSYCHOTIC DRUG ACTION
The antagonism of multiple 5-HT receptors by clozapine would be expected to enhance the release of 5-HT by feedback mechanisms. Thus, it was surprising that Ferré and Artigas (1995) reported that clozapine decreased 5-HT release in the nucleus accumbens. However, Ichikawa et al. (1998) reported that clozapine (20 mg/kg) and risperidone (1 mg/kg) significantly increased extracellular 5-HT levels in the nucleus accumbens and medial prefrontal cortex, respectively, whereas amperozide (1 and 10 mg/kg) increased extracellular 5-HT levels in both regions. Hertel et al. (1997) reported similar results with risperidone and suggested that they might be releated to its ability to improve negative symptoms. If so, this is not the explanation for the effects of clozapine or olanzapine on negative symptoms since olanzapine, sulpiride, haloperidol, and M100907 had no effect on extracellular 5-HT levels in either region. The latter finding indicates that blockade of 5-HT 2a receptors is not the basis for the ability of clozapine, risperidone or amperozide to increase 5-HT 2a levels (Ichikawa et al. 1998) . The enhancement of 5-HT efflux in the prefrontal cortex may contribute to the ability of these agents to improve mood disorders and cognition.
CONCLUSIONS
There is strong evidence for the role of 5-HT 2a receptors and suggestive evidence for the roles of the 5-HT 1a and 5-HT 2c receptors in the antipsychotic effects and ability to improve cognition of arious actions of clozapine, risperidone, olanzapine, quetiapine, ziprasidone, iloperidone, sertindole, and related antipsychotic drugs. Studies of specific antagonists and agonists of these receptors, alone and together with D 2 receptor antagonists and dopaminomimetic agents such as L-DOPA, amphetamine, and others will help to clarify their importance. Thus, if selective 5-HT 2a antagonists such as M100907 and SR 46439B are effective in the treatment of auditory hallucinations or paranoid delusions induced by pharmacologically enhanced dopamine activity, the case for the importance of 5-HT 2a receptor blockade in the treatment of psychosis will be supported. There is considerable evidence that 5-HT 2a receptor antagonism is most usefully conceptualized in relation to dopamine receptor antagonism. D 2 receptors appears to be the most important in this regard but it is likely that the D 1 , D 3 , and D 4 receptors will also influence various components of psychosis, mood, motivation, and cognition that are relevant to the clinical applications of the atypical antipsychotic drugs. Potent 5-HT 1a agonism, and possibly 5-HT 2c receptor agonism and 5-HT 6 or 5-HT 7 receptor antagonism may also be the basis for some of the actions of the current generation of atypical antipsychotic drugs and the basis for developing novel agents that do not necessarily have to be 5-HT 2a antagonists. Multi-receptor agents appear to be more promising as antipsychotic agents for the majority of psychiatric patients because of important interactions between neural circuits which employ multiple neurotransmitters. Underlying the efficacy of antipsychotic drugs which affect the serotonergic system is probably abnormalities in the serotonergic system itself, e.g., increased 5-HT 2a and possibly decreased 5-HT 1a receptor stimulation. However, the case of Parkinson's psychosis induced by L-DOPA or bromocriptine suggests that drugs such as clozapine and melperone may be effective antipsychotics via their 5-HT 2a receptor antagonist properties even when the primary abnormality is mainly excessive dopaminergic stimulation.
The limitations in the scope of this review to some of the literature on serotonin and dopamine with regard to the action of the new antipsychotic drugs necessitated omitting attention to the importance of other neurotransmitters such as acetylcholine, glutamate and norepinephrine. These neurotransmitters most certainly contribute to the morbid state in psychosis and are influenced by the newer agents directly or indirectly. Despite the importance of these other neurotransmitters, only the antipsychotic drugs which have a spectrum of effects on the serotonergic system, particularly the 5-HT2a receptor, have produced highly relevant advances in the treatment of psychosis. There are no antipsychotic drugs yet available which have primary effects on any of these other neurotransmitters. This provides supports for a continued focus on serotonin, and especially serotonin-dopamine interactions, with regard to antipsychotic drug actions.
